solar activity, time of day, season, and latitude. It is the purpose of this review paper to organize the experimental and theoretical studies which have been brought to bear to isolate the variables.
Experimentally, the advent of beacons ranging from lowaltitude satellites transmitting at 40 MHz to 3000 MHz and synchronous and very-highaltitude satellites transmitting in the UHF to microwave region have allowed geophysicists to take data over more than a solar cycle. The recent protracted high solar flux in 1979, 1980 , and 1981 has shown unusual activity in the polar and the equatorial regions. We shall attempt to sort out the geographical and geophysical effects.
On the theoretical side, conceptual advances in the instability mechanisms which could fit the data plus an extensive program in simulation have allowed physicists to develop theories of the formation of equatorial and auroral irregularities. We shall briefly touch on "accepted" concepts of the development of irregularities. These irregularities in the ionosphere introduce fading and enhancement of amplitude, phase fluctuation, and angle of arrival variations; collectively the effect is ionospheric scintillation.
The irregularities producing scintillations are predominantly in the F layer at altitudes ranging from 200 to 1000 km with the primary disturbance region for high and equatorial latitude irregularities between 250 and 400 k m . There are times when E-layer irregularities in the 90-to 100-km region produce scintillation, particularly sporadic E and auroral E ; we shall refer to these in the appropriate sections.
Several techniques have been used to study irregularities. These include 1) ground, airborne, and satellite based HF swept frequency sounders studying electron density structure and observing both bottomide and topside F-layer irregularities; 2) in-situ measurements by rockets and satellites of electron and ion density irregularities, electric fields, and electron and ion flux; 3) coherent radar backscatter-VHF to microwave; and 4) the scintillation technique which measures directly the perturbations of the radio signal as it transits the ionosphere. While we shall attempt to bridge the gap between sounders, radar backscatter, in-situ measurements, and scintillations we shall concentrate on scintillation morphology which may differ considerably from the other data.
A . Global Morphology
From the global point of view there are three major sectors of scintillation activity (Fig. 1) . The equatorial region comprises an area within *2O0 of the magnetic equator. The high-latitude region, for the purposes of the scintillation description, comprises the area from the high-latitude edge of the trapped charged particle boundary into the polar region. We shall term all other regions "middle latitudes. " In all sectors, there is a pronounced nighttime maximum. At the equator, activity begins only after sunset. Even in the polar region, there appears t o be greater scintillation occurrence during the dark months than during the months of continuous solar visibility.
To order the geophysical occurrence and intensity of irregularities, reliance must be placed on a magnetic picture of the earth. While the sun's role is ordered along geographical lines, the geophysics of irregularities is dominated by the tilted earth's magnetic field. Motions of ionized particles are governed by the earth's magnetic field with its northern pole near Thule, Greenland and its eccentric magnetic equator.
The magnetic equator's meanderings relative to the geographic equator will be illustrated. At the equator the earth's magnetic field is parallel to the earth's surface and is oriented magnetic N-S. At Thule, the magnetic field is directed vertically and electrons spiral along the lines of force.
B. Scintillation Examples
The intensity fading and its characterization can best be characterized by the idealized example such as in Fig. 2 . The signal is modulated by the passage through the irregularities so that the level instantaneously both increases and decreases. In Fig. 2 the signal level at times is 3 dB above the mean signal level and at other times fades below the 6dB level. The number of fades and the fade duration for a typical 15-min length of signal from a synchronous satellite is shown in Fig. 2 along with the cumulative probability density function.
In this example 9 1.7 percent of time the signal was above the 6dB fade level.
A slow speed recording of a transmission from Si Racha to Hong Kong via satellite is shown in Fig. 3 [ 1 1. In this case the uplink was 6 GHz and the downlink was 4 GHz. The fading reached 8 d B peak to peak in this example from the disturbed equatorial region during a year of very high sunspot number.
C. Signal CharacteTistics
The amplitude, phase, and angle of arrival of a signal will fluctuate during periods of scintillation. The intensity of the scintillation is characterized by the variance in received power with the S4 index commonly used for intensity scintillation and defied as the square root of the variance of received power divided by the mean value of the received power [ 
21.
An alternative, less rigorous but simple measure of scintillation index has been adopted by many workers in the field [3] for scaling long-term chart records.
The defiition is
SI =

Pmax -Pmin
Pmax +Pmin where Pmax is the power level of the third peak down from the maximum excursion of the scintillations and Pmin is the level of the third peak up from the minimum excursion, measured in decibels [ 31 , The equivalence of selected values of these indices is indicated below. Scaling of the chart records is facilitated by simply measuring the decibel change between the Pmax and Pmin levels. The phase variations are characterized by the standard deviation of phase u4.
Attempts have been made to model the observed amplitude PDF. Whitney et QI. [ 41 and Crane [ 51 have constructed model distribution functions based upon the use of the Nakagami-m distribution (m = (S4)-2) and have shown that the empirical models provide a reasonable approximation to the calculated distribution functions. In addition, the Rayleigh PDF provided a good fit to the data under conditio? of very strong scintillation (S4 >> 0.9). The Nakagami-m distribution approaches the Rice distribution as m approaches unity from higher values and equals the Rayleigh distribution for m = 1 (strong scintillation).
D. Frequency Dependence
Observations [6] employing ten frequencies between 138 MHz and 2.9 GHz transmitted from the same satellite, show a consistent behavior of S4 for S4 less than about 0.6. The frequency dependence becomes less steep for stronger scintillation, as S4 approaches a maximum value near unity with a few rare exceptions. When S4 exceeds 0.6 (peak-to-peak values > 10 dB) the frequency dependence exponent decreases. If two frequencies are being compared and both experience strong scattering to the extent that each displays Rayleigh fading, then there is an effective X' dependence over the frequency interval. When strong scattering occurs but is not constant over the frequency interval, the wavelength dependence is difficult to determine. The
[6] observations also show that the phase scintillation index varies as A under most conditions, a result also obtained by Crane [7] although at low frequencies this has not yet been shown. Phase fluctuations do not experience a variation in frequency dependence in the strong scattering region.
E. Fading Spectra
Radio waves from satellites encountering the ionospheric irregularities undergo spatial phase fluctuations. Intensity fluctuations develop as the wave emerges from the irregularity reaching their maximum intensity in the far field. Focusing effects can further increase intensity fluctuations.
The two-dimensional spatial spectrum of phase fluctuations is proportional to the integration of the three-dimensional irregularity spectrum along the propagation path. Thus if the power spectrum of the three-dimensional irregularity has a power-law slope of index p , the spatial phase spectrum will have a power-law index of p-1 . For weak scattering the spatial spectrum of intensity flu'ctuations is in effect a convolution of the phase spectrum with the Fresnel filter function.
A comparison of moderate scintillation levels (S, = 0.5) and very high scintillations indices (S4 = 0.94 (close to Rayleigh fading)) is shown in Fig. 4 (a) and (b) [ 
.
The low frequency flat portion of the spectrum is extended in the strong scattering case (Fig. 4(b) ); the slope of the falling portion of the spectrum does not change significantly, keeping a spectral index of 3.
For the synchronous satellite the spectra essentially include the velocity of the ionospheric drifts and the Fresnel wavelength. The spectra of phase scintillations however are not affected by Fresnel fitering.
The intensity spectrum changes as a function of drift speed, irregularity spectrum, and strength of scattering. Thus the morphology of spectra is in reality the interplay of these factors. In each of the geophysical areas where intense activity occurs, the three factors must be utilized to estimate the spectra of the scintillation intensity.
We shall also refer to model computations of Wernik et al. [ 111 relative to nonstationary wedge-like electron density structures.
In such cases the intensity scintillations exhibit spiky temporal variations and fluctuations become nonstationary.
F. Geometrical Considerations
The intensity at which scintillations are observed depends upon the position of the observer relative to the irregularities in the ionosphere that cause the scintillation. Keeping both the thickness of the irregularity region and AN, the electron density deviation of the irregularity, constant, geometrical factors have to be considered to evaluate data and to predict scintillation effects at a particular location. Among these are: a) Zenith distance of the irregularity at the ionospheric layer. One study [ 121 found the intensity of scintillation may be related approximately to the zenith path values by the secant of the zenith distances to 70'; below that an elevation angle dependence ranging between 3 and the first power of the zenith angles should be used. b) Propagation angle relative to the earth's magnetic field. Performing this calculation demands the use of an irregularity configuration and the consideration of a Gaussian or a powerlaw model for the irregularities. Sheet-like irregularities with forms of 10 : 10 : 1 have been found in recent auroral studies [ 
131.
For equatorial latitudes, this elongation along the lines of force may be of the order of SO to 100 [ 141. c) The distance from the irregularity region to the source and to the observer (near the irregularities, only phase fluctuations are developed). As noted in [ 5 I and [ 151 the theoretical scintillation index can be expressed in terms of the above factors when dealing with ionospheric irregularities represented by a Gaussian power spectrum.
hfikkelsen et al. [ 151 have attempted to determine the theoretical scintillation index S4 when the irregularities are described by a power-law power spectrum with a threedimensional spectral index P = 4. This utilizes the coordinates of the radio ray in the local coordinate system with set values for the elongation of the irregularities along and perpendicular to the magnetic field lines.
Mikkelsen assumed the approximate dividing line between weak andstrongscintillationis -9 dB, with SI< 9 dB denoting the weak case. For this case, the geometric variation of S4 is given by
where i ionospheric zenith angle = angle between radio ray and irregularity layer $ propagation angle = angle between the radio ray and the magnetic field direction q5 azimuth of the radio ray in local coordinate system of z axis along the magnetic field and y axis in the magnetic east-west direction
-z1 )/z2 where z1 = slant range to irregularity layer, z2 = slant range to satellite a elongation of the irregularities along the magnetic field lines y elongation of the irregularities in the magnetic eastwest direction.
Z reduced slant range to irregularity layer
Using his irregularity formulation he found the Narssarssuaq observations of the orbiting satellite, Nimbus-4, at an altitude of 1000 km a best fit of irregularity configuration with 2.5 : 1.3 : 1 ; the first term is a, elongation of the irregularity along the lines of force of the magnetic field, the second is y, orthogonal to the elongation along the lines of force, being in the magnetic east-west dimension, and the last term is orthogonal to the other two planes. At high latitudes this last term would lie in the north-south meridian.
SPREAD F AND SCINTILLATIONS
The term spread F is given to a type of F-layer backscatter signal taken by a vertically directed sweeping HF sounder. The returns from the F layer at each frequency are normally observed from that height at which the electron density reaches a value where the ionosphere acts as a reflector. When the returns from the F layer are observed from a series of '%eights" rather than a single altitude we have a spread F condition. When a wide range of frequencies shows returns from many ranges then the ionogram is said to exhibit "range spread F."
When the spread in range is predominantly at the high end of the frequency sweep then the ionogram is said to be of the "frequency spread F" type. 
EQUATORIAL SCINTILLATIONS
In their intensity and their effect on transionospheric propagation, equatorial F-layer irregularities dwarf those of the high-latitude regions.
Fluctuations from ionospheric irregularities in the F layer have been reported at frequencies as high as 7 GHz. Fang has reported that over periods of time of the order of half an hour and longer, peak-to-peak fluctuations of 9 dB at 4 GHz may occur at elevation angles above 10' [ l l .
A . Patch Characteristics
Through theoretical considerations of instability mechanisms and through radar backscatter and rocket and satellite in-situ measurements, it has been established that nighttime ionospheric equatorial irregularity regions emerging after sunset develop from bottomside instabilities, probably of the RayleighTaylor type. The depleted density bubble rises into the region above the peak of the F 2 layer. Steep gradients on the edges of the hole help to generate the smaller scale irregularities within the patch which produces intense scintillation effects [ 191. I ) Patch Development, Motion and Decay: A plume-like irregularity region develops, fmally forming a patch of irregularities which has been likened to a banana or an orange segment. A cut through the center of the "banana" is shown in Fig. 5 . The characteristics of the patch development, motion and decay can be summarized as follows: 1) A new patch forms after sunset by expanding westward in the direction of the solar terminator withvelocities probably similar to those of the terminator. It comes to an abrupt halt after typically expanding to an east-west dimension of 100 to several hundred kilometers.
It appears to have a minimum size of -100 km.
2) It is composed of field-aligned elongated rod or sheet irregularities. The vertical thickness of the patch is 50 to several hundred kilometers. The patch has maximum intensity irregularities in a height region from 225 to 450 km, with irregularities to over 1000 k m .
3) Its north-south dimensions are of the order of 2000 km or greater.
4)
Once formed, the patch drifts eastward with velocities ranging from 100 to 200 m/s.
5) The patch duration as measured by scintillation techniques
20 c is known to be greater than 2 1/2 h; individual patches have been tracked by airglow techniques up to 3 h where they have maintained their integrity [ 201. Effects have been seen over 8 h.
6 ) The life history of a few patches has been studied in years of low and moderate solar flux [21] . The decay of patches in the midnight time period was of the order of 1 h after local midnight in years of low sunspot activity. Aarons et al. [ 221 have also shown weak 3-m size irregularities on backscatter contours coupled with low or no scintillation activity. Fig. 6 [ 221 gives evidence for slowdown of the velocity of the patch by means of aircraft data. The fading rate when the patch was decaying (2350-0050 LST) showed the same rate whether the aircraft was flying against the patch motion (W) or with it (E), indicating a slowdown of irregularity velocity at the time when scintillation indices were low.
For an observer of synchronous satellites in the equatorial region, the eastward nighttime plasma drift moves these patches of irregularities through his beam. An encounter with one of these patches and the amplitude fading produced by them can best be illustrated by the severe case shown in Fig. 3 where an uplink signal from Si Racha at 6 GHz was retransmitted to Hong Kong at 4 GHz [ 1 1. The resulting scintillation activity is probably predominantly at 4 GHz from the downlink path. 2 ) Patch In-Situ Measurements: In-situ measurements within the F layer (at 225 km, for example) measure irregularity intensity as a function of electron density by measuring electron and ion currents.
In one example [231 ( have been converted to equivalent vertical TEC in a standard manner using the longitudinal magnetic field intensity and zenith angle at a mean height of 420 km. Fig. 8 shows an evening period when two clearly evident depletions in TEC occurred.
Note that depletions from an assumed quiet background TEC, indicated by a dashed line, are up to 10-1 5 percent. In addition, the close association with the occurrence of amplitude scintillation is indicated by the start and stop times of amplitude scintillation. This figure shows the intimate association of TEC fluctuations with rapid, severe amplitude scintillations observed along the same path [281.
B. Variation of Scintillotion Activity
I ) Longitudinal Variations: Spread F measurements have shown that there is a clear longitudinal difference in F-layer irregularity occurrence as a function of day of the year. The differences may be due to the displacement of the magnetic pole vis-&vis the geographical pole, to the seasonal pattern of lower atmospheric triggering activity (thunderstorms, for example) as a function of longitude, or to global wind systems.
Spread F soundings have been separated into longitudinal sectors for purposes of summarizing data. Scintillation data taken at a common frequency for a common period and reduced in a similar manner are, however, sparse. We shall attempt to illustrate longitudinal differences with the available data.
The dip latitude 8 used in this paper is based on the formula tan 8 = 1 /2 tan I where l i s an inclination or dip of the magnetic field from the horizontal. At the dip equator the magnetic field is parallel to the earth's surface. It might be noted that Accra and Natal, though both south of the dip equator, are almost equidistant from the geographic equator, one north and the other south so that June is the center of summer for Accra and winter for Natal (and Huancayo). Therefore, local summer and winter at a station do not play a role in scintillation occurrence. The intersection point of the Huancayo path was north of the dip equator; that of the Natal propagation path south of the dip equator, but the patterns were similar.
A second comparison of data at 250 MHz was made between observations from Huancayo and from Guam.
The data are shown in fig. 1 1 ; activity minima occur from May-July in Huancayo and from November-January in Guam. The conclusion is that the occurrence patterns are longitudinally controlled.
Guam viewing of MARISAT was slightly north of the dip equator as was the intersection point of the Huancayo path, yet their patterns differed considerably.
While local summer at the observation site cannot be a factor as shown by the similar patterns of Huancayo and Accra in May, June, and July (each on opposite sides of the geographic equator) the pattern of seasonal electron density variations at the ends of the equatorial field-aligned patches may play a role.
It should be noted that in general maximum intensity occurs in the equinoctial months. This can best be illustrated by the occurrence of L-band 1500-MHz activity at Huancayo, Peru. That evidence is shown in Fig. 12 
C. In-Situ Data
The larger data base of continuous observations from ground station measurements has been utilized to establish the features of the major m a t i o n regions. However, this is uneven in longitudinal coverage and unavailable over ocean surfaces. Satellites carrying out in-situ observations of irregularity parameters such as electron density variations do providea mapping technique.
One example of data collected and organized [32] is shown in Fig. 13 . It should be pointed out that this figure was o b tained over a period of two months (November, December 1969), for a relatively high level of sunspot activity, and is valid for the time period 19-23 LT. It is illustrative of mapping which can be done at various altitudes. Scintillation intensity is a function of both AN and the thickness of irregularity layer. In-situ measurements do not measure thickness and its variations or orientation of the irregularities. Therefore, a model must be developed to utilize these data.
Basu and Basu [33] have developed a model from in-situ, theoretical, and scintillation studies.
In their morphological model of scintillations, measurements of irregularity amplitude h N / N as computed from T seconds of data are utilized in conjunction with simultaneous measurement of electron density N . A combination of ANIN and N data provides the required A N parameter as a function of position and time.
In case the satellite altitude is much lower than the height of maximum ionization, proper allowance should be made in deriving AN estimates. The in-situ measurements of irregularity spectrum and phase scintillation measurements with the 1000-km high inclination Wideband satellite indicate that the outer scale at F region heights is large, probably on the order of tens of kilometers. In view of this, the spatial length corresponding to Tseconds time interval when projected in the direction of shortest (Kp = 0 -1') and for disturbed ( K p = 3' -9) magnetic conditions correlation distance of electron density deviation sets the apparent outer scale length 4 0 . The outer scale wavenumber is, therefore, K O = 2n/qo. For the equatorial scintillation model that they developed from the OGO-6 in-situ observations, the time interval was T = 3 s and the outer scale length was considered to be 20 km corresponding to an outer scale wavenumber of K O = 0.3 km-' .
D. Sunspot Cycle Dependence
From the viewpoint of electron density variations the equatorial region around the magnetic equator displays a complex pattern. During the day an increase in maximum electron density occurs away from the equator. The electron density contours display a distinct trough of electron density in the bottomside and topside ionosphere at the magnetic dip equator with crests of ionization at f1S0-200 north and south dip latitudes; this is the Appleton anomaly with the region within *So dip latitude of the magnetic equator termed the electrojet region.
From the solar cycle minimum in 1974 and maximum in 1969-1970, Aarons 1341 found that there was a higher occurrence of deep scintillations during a year of high solar flux than during a year with low solar flux for observations at both Accra, Ghana and Huancayo, Peru.
Recent observations of L-band scintillations during the period of maximum solar flux (1979) (1980) (1981) [37] haverevealed that scintillation intensities maximize in the Appleton anomaly region rather than near the magnetic equator.
At Calcutta, India, which is situated close t o the northern crest of the Appleton anomaly in the Indian longitudinal sector, a remarkable increase in the Occurrence of VHF scintillation was observed between 1977 and 1980 when solar flux increased [35] .
The contrast between scintillation levels with the path t o the satellite in the electrojet region and with the path in the anomaly region can best be seen with the aid of the map in Fig. 9 and the contrast in data between Natal, Brazil and Ascension Island, both observing the L-band beacon of MARISAT at approximately the same longitude. Natal data show no incidence of scintillations beyond 8 dB, Ascension Island records show scintillation activity of the type shown in Fig. 14, i.e., peak-to-peak fades of 27 dB for hours. Fig. 15 illustrates the percentage Occurrence for a two month period during this year of very high solar flux.
Fang [ 1 ] has presented similar results of high scintillation intensity observing from Hong Kong. He recorded fluctuations to 9 dB on the 4-GHz COMSAT downlink with paths through The conclusion in the study [371 is that the intense scintillation activity during years of high solar flux are due to two factors:
1) The equatorial anomaly has considerably higher electron density values in high sunspot number years than in years of low solar activity.
2) The occurrence of maximum electron density for anomaly latitudes is near sunset in the years of high sunspot number and in the afternoon in years of low solar activity. Thus the post sunset irregularity patches form high m l e v e l s in the years of high solar flux. Data from ionosondes and from total electron content measurement corroborated the extremely high levels of electron density and the lateness of the appearance of a maximum of electron density during 1979 and 1980.
IV. MIDDLE-LATITUDE SCINTILLATION
The middle-latitude scintillation activity is not as intense as that encountered at equatorial, auroral, or polar latitudes. For the engineer, however, activity may reach levels, primarily at VHF and UHF, which will increase error rates of systems with low fade margins.
The difficulty with describing middle-latitude scintillation activity is that at times what takes place at middle latitudes is an extension of phenomena at equatorial and auroral latitudes. For example, scintillation activity in 1979-1 98 1, years of high sunspot number, was observed to be high in data from Hawaii and from Japan; the effects were possibly caused by equatorial phenomena during years of high sunspot number. The depletion regions which originate at equatorial latitudes do move to higher altitudes but these irregularities would have to be >2000-km altitude. The perturbing effects of these regions and the higher electron densities during high sunspot number years might combine to provide effects along the lines of force thus extending equatorial activity to the ''lower'' middle latitudes.
At high latitudes, there is a motion of the irregularity boundary equatorwards during years of high sunspot number and during magnetic storms. Auroras have been noted in the southern U.S., for example, along the 70°W meridian. Scintillation activity is present at these times at these lower latitudes where optical aurora are seen.
A second complicating factor in middle-latitude scintillation morphology is the effect of sporadic E. Several studies have shown that intense sporadic E produces scintillation. The behavior of sporadic E is totally different from the morphology of F-layer irregularities. Thus two independent variables produce the fading phenomena. .At middle latitudes, there is a high Occurrence of daytime sporadic E resulting in a second maximum of scintillation. Nighttime sporadic E adds to the effects of F-layer irregularities.
A . Results from Longitudes in the Western Pacific
Measurements of scintillation activity have been taken in Japan primarily from Tokyo which observes a synchronous satellite at its longitude through a 350-km ionospheric intersection of 36'N, a dip latitude of 27'N.
At the VHF frequency of 136 MHz, observing ETS2, Sinno and Kan [38] found a maximum of scintillation activity at night and in the May-July time period. We have reconstructed their data to show the percentage of occurrence of 3 d B scintillation in 1977 and 1978 ( Fig. 16(a) ). We have also placed in Fig. 16(b) the occurrence of scintillation activity in Guam for the following year [391 to allow the comparison of various months of the year. The monthly pattern of the Japanese data follows somewhat the pattern of equatorial scintillation except for August and September. The lack of exact correspondence of observation dates makes the comparison tentative.
By observing ETS-2 from Taiwan at 25'N, Huang [40] found similar results, i.e., the same nighttime maximum in the May-July period and a summer daytime maximum of lower level fluctuations.
Observations of severe ionospheric scintillations primarily in the 4-GHz range have been reported by Tanaka (198 1) [80] for paths primarily at higher latitudes than the equatorial anomaly region. For periods of time of 30 min t o a few hours, on a few occasions, scintillations of the order of a 2-4 dB were noted after sunset. The hypothesis advanced is that during ionospheric storms the positive phase produces high electron densities to latitudes above the anomaly. The disturbing wave traveling from the equator to higher latitudes, triggers plasma instabilities which affect the ambient high electron densities during this phase of the storm. 
B. Results from Longitudes in the Americas
With transionospheric propagation data taken in 1976 from sites in Puerto Rico and Florida, Kersley et al. [42] found that scintillation activity at Ramey, h e r t o Rico occurred between 2100 and 0230 LT with maximum levels in the post midnight period (Fig. 17) .
The general level of scintillation at 136 MHz was in the 2-8 dB peak-to-peak range with occasional increases to 12 dB peak to peak. For these observations maximum occurrence was noted in July with minima in the equinoxes. The seasonal pattern along with other factors indicated that the low-latitude scintillation activity was not related to equatorial irregularities. By performing simultaneous incoherent scatter radar measurements and scintillation observations Basu et al. [43] demonstrated that the scintillation maximum is associated with the midnight descent or collapse of the F region.
The general pattern of what might be termed "upper" middle latitudes, i.e., from 30"-45' dip latitude is that two diurnal maxima exist, one at midday and the other at midnight. The midday maxima are associated with sporadic E and appear primgily during the summer. The nighttime maxima appear in all seasons and are predominantly associated with spread F although high values of foE, were noted during nights of high scintillation activity [44] . MacDougall, in observations made from southern Ontario in 1977-1 978 (private communication), showed a midday maximum in the summer.
C. Effect of Magnetic Index on Middle-Latitude Scintillation
At latitudes below the auroral oval, various sets of data have yielded behavior indicating little correlation with magnetic conditions. Evans [45] found no correlation of the ionospheric 600 krn AURORAL .
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-u x This type of data essentially corroborates the early radio star observations in the U.K. which found little correlation with magnetic index except in paths to the north (with the exception of some intense magnetic storms).
V. THE HIGH-LATITUDE REGION
Breaking the high-latitude region into zones that differ in their morphology and physics will allow the user of this information t o isolate his interests. Fig. 18 depicts the intensity of scintillation in a very broad manner for the period of time around midnight. It also attempts t o depict the form of the irregularities and their angle with the vertical; all the structures are along the lines of force of the earth's field. The next section will describe the detailed irregularity behavior in each of the high-latitude regions. For high latitudes we have used the corrected geomagnetic coordinate system. In this system 80"N and 80"W is the position of the north magnetic pole (Hakura, 1965) . The calculations give the displacement of the "landing points" of geomagnetic field lines.
A . The Plasmapause, the Trough, and the Aurora
In ionospheric physics the plasmasphere is the region where the motion of ions and electrons is trapped by the earth's magnetic field. It extends to approximately 60" Corrected Geomagnetic Latitude (CGL) at night. At latitudes higher than this electrons are not trapped; the edge of this region is the plasmapause. At higher latitudes of the order of 60"-65' CGL at night a trough or a region of low electron density exists. This region is essentially below the auroral oval.
The present evidence is that there is a boundary at high latitudes where weak irregularities commence. It is probably equatorwards of the plasmapause, between 45'-55' CGL. This boundary of irregularities is observed on scintillation data [48 I , on in-situ measurements of irregularities in thermal plasma [49] , and on in-situ measurements using an electrostatic analyzer [ 8 I.
In the auroral and polar regions energetic electron precipitation and current systems are dominant factors in producing both the normal ionospheric layers and the irregularities.
If the ionosphere is perturbed on a percentage basis, AN in the trough will be small since N is low; scintillations will then be low. The data of Clark and Raitt [49] show a plateau of irregularities in the trough region at midnight at a height of 800-1000 km in their observations of thermal electron irregularities. All observers of irregularities at higher auroral latitudes then see a dramatic change in irregularities at the auroral oval, at the poleward edge of the trough. In the auroral oval, the intensity of scintillations is a function of local magnetic activity and is frequently correlated with auroral images as shown by the optical sensors of the Defense Meteorological Satellite Program satellites. Poleward of the aurora there may again be a lowering of scintillation activity until the observing path transits the polar region [SO] .
Basu [ 5 1 ] using simultaneous scintillation and TEC observations during a magnetic storm from a single middle-latitude station suggested the existence of two regions of scintillations; one on the equatorward wall of the trough and the second on the poleward wall of the trough which then extended into the auroral oval.
Houminer et al. [ 521 examining a series of magnetic storms with data from two stations and with corroborating in-situ observations have shown the existence of maxima on the equatorward and poleward sides of the trough with the trough region at night showing a somewhat lower level of scintillation activity than the plasmapause region and a much lower level compared to auroral scintillations.
B. Auroral Scintillations
The aurora is seen by the eye primarily at E-layer heights of 100 km but by other optical techniques can be observed to extend t o well above 400 km. From studies of radio star and low altitude satellite scintillations, a series of height measurements have pointed to F-layer heights as the primary seat of the irregularities producing the signal fading. The irregularities are found predominantly at altitudes of 250-500 km with a mean of 400 f 50 km [53] . In-situ measurements [8], [54] indicate that the irregularities may exist t o the relatively high altitudes of 1000 km. Crane [7] noted that during one intense magnetic storm the irregularities responsible for scintillation were at times at Mayer heights.
Maximum irregularity intensity appears above the region showing maximum intensity aurora [ 551. Vickrey et al. [ at high latitudes have been in the auroral zone, at Alaskan longitudes, and along the 70"W meridian. In this region there are irregularities of some intensity on all nights. However, a seasonal pattern exists (at certain longitudes) and magnetic control is apparent. Both the diurnal pattern of scintillation activity and the seasonal behavior as observed from one site can be noted in Figs. 19 and 20. The data used for this long-term study [571 were taken over a period of 6 years from Narssarssuaq by observing 137-MHz scintillations of the ATS-3 beacon; the propagation path traversed the ionosphere at -63O CGL. March, April, and May were months of high scintillation activity even when magnetic conditions were quiet. The same months showed maximum activity during magnetically active periods. 
Bay model data (dashed curves) corrected for the ATS-3 intersection
October, November, and December showed both lower activity and a less pronounced diurnal pattern. Basu [581 established that the seasonal behavior of scintillations during quiet times was in close agreement with variations of the auroral electrojet index A L in the same sector of the auroral oval. It was proposed by Basu that the varying geometry of the plasma sheet with the dipole tilt angle of the earth's magnetic field may cause a seasonal modulation of particle precipitation and hence of scintillation. The hypothesis predicted that no such marked seasonal variation should be observed in the Alaskan and Scandanavian sectors of the auroral oval. Recent VHF observations made in Alaska [59] have indeed failed to show any pronounced seasonal variation.
During magnetically active periods (defied as K p = 4-9) auroral related effects dominate the high-latitude region. The long-term study used for Fig. 21 incorporated data from three observatories (Narssarssuaq, Greenland; Goose Bay, Labrador; and Sagamore Hill, Massachusetts). The contours of reduced data for one season (May-July) and for magnetically active periods of time are shown in Fig. 2 1 [57] .
The boundary of active scintillation is pushed equatorwards extending into what was the quiet trough and plasmapause latitudes. Thus during magnetic storms scintillations and optical aurora can be noted farther south than 55". In the 70"W longitude region this extends below the latitude of Boston.
Another series of measurements of scintillations was made with the 400-MHz radar of Millstone Hill, Massachusetts [ 121.
Their winter contours for K p = 4-6 are shown in Fig. 22 . Scintillation index is in terms of S4. Using a suitable frequency dependence, correcting for geometry, and converting scintillation indices the dashed values at 137 MHz show the similar forms and levels of activity as the 400-MHz data. parent that if one observes a point source along a tube or a rod, an enhancement would result from the long path length relative to observations orthogonal to the same structure. Several studies [ 
) Geometry and Enhancement
sheet-like irregularities are in evidence in the auroral oval. Rino and Owen [60] found that the sheets are aligned along the lines of force of the earth's field with 8 : 8 : 1 dimensions, Along the lines of force and in the magnetic east-west direction they are 8 times what they are orthogonal to these planes.
The generalized equation shown in the Introduction [ 151 for geometrical enhancement can be applied for a specific set of parameters (a = 5,7 = 2, ro = 1).
For determining the relationship of the scintillation index S4 at various azimuths and zenith angles to its value at zenith for measurements at Narssarssuaq, Greenland, Fig. 23 was constructed; the multiplication factors are valid only for weak scattering and for the parameters given.
The most dramatic variation takes place when phase fluctuations are observed since phase fluctuations increase in general linearly with irregularity intensity and do not show any saturation effect.
For two sites in Alaska, Rino and Owen [ 601 constructed the geometrical enhancement factor for rms phase fluctuations for an 8 :8: 1 irregularity (Fig. 24) . Data for one year [59] are seen in Fig. 25(a) for the Poker Flat station. The amplitude enhancement, less dramatic but present, is also shown in Fig.  25(a) . Daytime scintillation does not show the sheet-like structure-at least as observed from Alaska and Fig. 25(b) illustrates the daytime increase with increasing latitude.
C. Polar Scintillations
There is a scarcity of direct scintillation data at polar latitudes. This is due to a variety of reasons ranging from the difficulty of instrumenting and maintaining the quality of long-term recordings at polar sites to the fact that viewing of synchronous satellites from polar latitudes is usually through very low angles of elevation. Low angles of elevation jumble tropospheric effects, refraction, multipath and ionospheric scintillation through long and varied paths.
The auroral oval maximum is quite clear in its behavior, principally its expansion and intensification with magnetic activity. Polewards of the oval, however, sparse data show a shallow minimum with a second peak located near the corrected geomagnetic pole [611. Measurements by Frihagen [53] indicated a small trough poleward of the auroral oval with some increase in intensity levels across the polar latitudes with increasing magnetic activity. However the low frequency and the saturation levels of the equipment gave only general indications of the polar morphology.
1) Solar Flux Variations: A long-term consistent series of measurements has been taken at Thule, Greenland with observations at 250 MHz [SO] . The scintillations for this study ranged from very low values of 3-6 dB peak to peak on occasion during a period of low sunspot number to saturation fading of 28 dB peak to peak for hours during winter months of years of high sunspot number.
One set of measurements was taken between April and October 1975. During this period of low solar activity, there was an absence of strong scintillation activity to such an extent that only the occurrence of scintillation greater than 6 dB could be plotted. Only one period of 15 minutes showed a single peak-to-peak fluctuation of 10 dB in the 1975 study. Fig. 26 shows the contrast between the 1975 period when solar flux was low (10.7-cm flux was -75) and the same months in 1979 when the solar flux was high (-150-225). The occurrence levels for both low and high magnetic activity are shown in order to separate the components due to magnetic storms from those due to variations in the solar flux forcing function. It is clear that even with low magnetic activity the year of high solar flux shows a dramatic increase in the intensity and in the occurrence of ionospheric irregularities which produce scintillations on a satellite to ground path.
2) Diurnal and Seasonal Variation: A contour plot of the percent occurrence of scintillation index greater than 10 dB is shown in Fig. . 1) Maximum occurrence of activity takes place in the months of little or no sunlight at F-region heights. Much lower scintillation occurrence takes place in the sunlit months. 2) The diurnal variation is weak, and apparent only during the winter months. 3) Evidence of Two Irregularity Components: Auroral arcs in the polar cap are approximately aligned with the noonmidnight magnetic meridian [62] . These arcs generally drift in the dawn to dusk direction [ 631 ; however, reversals have been noted [64] , [65] .
Recently Weber and Buchau [65] ward irregularity drift and the patch motion (predominantly dawn to dusk) is shown in Fig. 29 (E. Weber, private communication). Results point to two irregularity components in the polar cap; antisunward drifting irregularities which produce a background level of weak to moderate scintillation and intense irregularities within F-layer polar cap arcs which produce more discrete (-1-h duration) intense scintillation events as the arcs drift through the ray path.
The square of scintillation index (S4)' is proportional to ( ( A N ) 2 ) , the mean square electron density deviation of the small scale irregularities responsible for fading and the thickness of the irregularity layer. If during years of high solar flux the ambient electron density is high, a small disturbance (for example, 10 percent) in electron density would produce a high value of AN and therefore (depending on layer thickness) intense scintillation activity. Correspondingly the same percentage perturbation during years when electron density is low would produce lower scintillation levels.
Monthly median values of f o F 2 at Thule during 1957 (a year of high solar flux) and 1963 (a year of low solar flux) support this hypothesis.
However the seasonal variation of scintillation is not explained by the seasonal variation of
The seasonal variation of scintillation may be related to E-layer conductivity changes caused by the presence or absence of sunlight to 100 km. As proposed by Heppner [66] to explain fluctuating E fields in the winter polar cap and more regular variations in the summer polar cap, the con-
ducting E layer may tend to short circuit irregularities which can otherwise persist in the F layer. During the summer the short circuiting by the E layer could account for the low level of activity. Polar scintillation activity is far from being fully explored. Phase data are needed; amplitude data that are not saturated are also needed. Indications are that a large range of frequencies must be used to sample the enormous changes of intensity as a function of solar flux and of season. The cited data merely give the outlines of morphology.
VI. EMPIRICAL MODEL OF GLOBAL SCINTILLATION BEHAVIOR
A . WBMOD Over a period of years, starting from available data and from weak scintillation theory, a model of scintillation termed WBMOD has been developed by Fremouw and others with attempts to satisfy propagation theory and incorporate a v dable observations [81, [681, [691, 1731, 1751, [761, 1781. The program provides for phase and amplitude information. Input user parameters include frequency, location, local time, sunspot number, and planetary magnetic index K p . The user also must specify the longest time the system needs phase stability. Scintillation indices are the output. A model of the irregularity drift velocity is contained in the program.
Program WBMOD permits a user to specify his operating scenario. The code returns the spectral index p for powerlaw phase scintillation, the spectral strength parameter T, the standard deviation u+, of phase, and the intensity scintillation index S4, as functions of a changing independent variable chosen by the user. The theory employed in WBMOD is based on the equivalent phase-screen representation of Booker, Ratcliffe, and Shinn [701, formulated to account for three dimensionally anisotropic irregularities [ 71 ] described by a power-law spatial spectrum. The formulation employed was developed by Rino [72] in the infinite outer-scale limit, but a means for dealing with the effect of a finite outer scale on phase scintillation has been incorporated in WBMOD. Similarly, a means has been provided for accomodating multiple-scatter effects on intensity scintillation that should suffice for practical applications.
The descriptive irregularity model is based on numerous observations [68] , [73] , but most particularly on observations of phase scintillation performed in the DNA Wideband Satellite Experiment [8 1. The most significant caveat about use of WBMOD, however, is that it has been calibrated quantitatively against Wideband data from only a single station in the northern auroral zone (Poker Flat, Alaska). The descriptive model was developed by iterative comparison with most of the Wideband data population from Poker Flat, with a portion of the population reserved for final comparative tests.
The basic calculations are made of two central quantities T and p . Tis the spectral strength of phase at a fluctuation frequency of 1 Hz. p is the power4aw spectral index of phase.
T is highly variable, unlike p . The program calculates T and p and the two commonly used indices of scintillation activity based on them, one for phase u+,, and one for intensity S4.
In order to calculate T , p , 09, and S4, one must have values for eight parameters describing ionospheric irregularites. They are 1) the height h ; 2) vector drift velocity V , of the irregularities; 3) an outer scale a; 4, 5, 6 , 7) four "shape" parameters describing the irregularities' three-dimensional configuration and spatial "sharpness," a, b , 6, and v ; and 8) the height integrated spectral strength C,L. Program WBMOD contains models for the foregoing eight parameters, but the degree of detail is very much less for some than for others.
The most variable and, probably, the most important of the eight is the height-integrated strength C,L. The irregularity strength is modeled by
~= E ( L , X~, T , D , R ) + M ( L , T ) + H ( L ,
T m , K p r R ) The three terms in (1) respectively describe the strength of equatorial, middlelatitude, and high-latitude irregularities. The first two have not been tested extensively against Wideband data but H, the high-latitude term has.
The high-latitude term is based on the observation that there often is a more-or-less abrupt boundary [741 between the middle-latitude region of relatively smooth ionosphere and the high-latitude scintillation region.
It is located, typically, equatorward of discrete-arc auroras in the general vicinity of the. diffuse auroral boundary.
The underlying form of H stems from the supposition that the instantaneous boundary latitude is normally distrikted about a mean value X, for a given set of Tm , K p , and R. This supposition, together with other considerations to be discussed shortly, yields the following form for H:
where the C's are constants to be established by iterative testing against scintillation data, and where the error function arises from integration over the normal distribution of instantaneous boundary location, which distribution has standard deviation Ah [ 681.
The outer scale, height, spectral index, and drift velocity are established by simple models in the program. The parameters u, b , and 6 describe the threedimensional configuration of the irregularities. As described previously, these have been established for the auroral zone by utilizing Wideband observations at Poker Flat.
Once these eight parameters have been established, the model will provide T , p, UG, and S4. Since our interest is in the scintillation indices, we will concentrate on them.
The scintillation index for phase is simply its standard deviation uG which may be calculated by integrating the phasescintillation temporal spectrum @$( f ) as follows:
where fo = V,/Zncu ( V , being the effective velocity of the satellite).
[The outer scale a is measured in radians per meter in the fieldnormal reference direction.] In (2), f c is the lowest phase-fluctuation frequency to which the system is sensitive. For instance, in the Wideband satellite experiment with normal processing, f c was 0.1 Hz [8] as set by phase detrending. In a coherently integrating radar, it would be the reciprocal of the time over which phase coherence is required. For systems not sensitive to phase instability in the propagation medium, f c is effectively infinite, and the effective u$ is zero. The scintillation index for intensity is the ratio S4 of the standard deviation of received signal power to the mean received power [21. Unlike u$, its relation to T is set not by a system or an ionospheric parameter, but by the diffraction process that gives rise to intensity scintillation. For weak to moderate levels of intensity scintillation, S: is very well a p proximated [721, [751 by t 3) where C(v) is a normalization factor. The Fresnel filter factor F (4, b , 6 , v) describes the geometrical enhancement of intensity scintillation. It also accounts for diffraction, together with the Fresnel-zone size Z = Xz seconds €3 4n in which z is the effective "reduced height" (including correction for wavefront curvature and curved-earth geometry) of the irregularities. G describes the static geometrical factor.
While (3) is a weak-scintillation formula, it may be generalized for practical purposes, to include the well-known saturation of S4 at unity by writing sf = 1 -exp(-~$,) which is exact for scintillating signals that obey Rice statistics V61.
B. Formulas in Atlantic Sector
Since WBMOD has been developed and calibrated against data from only one longitude sector (Alaska), it is appropriate to note empirical formulas which, though not as complex, have been developed for another longitude sector, along the 7OoW meridian. These formulations have been made [771 for Narssarssuaq, Greenland; Goose Bay, Labrador; and Sagamore Hill, Massachusetts based on 3-7 years data base of 15-min scintillation indices. The forcing functions are time of day, day of the year, magnetic index, and solar flux. However, these individual models are much more limited than WBMOD as 1) they are applicable only for the frequency of the data base, 137 MHz, 2) there is an equipment-based limited excursion of the scintillations, and 3) these data have an implicit dependence on the geometry of the observations, namely, observing ATS-3 from the stations detailed above. This does not permit other viewing geometries or taking into consideration the configuration of the irregularities unless correcting factors are included.
With these caveats, the equations for each station are: DA is day number, As = Sf/lOO, HL is local time (hours) at subionospheric point (350 km), and Sf is solar flux at 2695 MHz in solar flux units.
In the reference cited [771 corrections for frequency dependence are given thus allowing higher frequency scintillations to be estimated. In addition, corrections for geometry are also given similar to those cited in Section I-F of this paper.
VII. CONCLUSIONS
The forms of morphology are now in place but there are many gaps. For example, in the equatorial region there is little known for the longitude region encompassed by India. There is little information on the triggering mechanism for the generation of equatorial irregularities; this would allow us to f i l l in the gaps in morphology in this latitude sector. The physics of the instability mechanisms responsible for the strong irregularities and depletions appears to be well in hand.
In middle latitudes there are vast amounts of data; little are analyzed. The relatively small fluctuations produced by irregularities of sporadic E-and F-layer origin have little effect; the signal margins for most equipment override the fading easily.
At auroral latitudes the Occurrence patterns are reasonably well known although the absolute values of the intensity of the scintillation are poorly known. During weak magnetic activity in the auroral oval, low level scintillations have been observed at 137 and 250 MHz. During magnetic storms, however, intense scintillations of saturation level have been noted at the two frequencies used predominantly for making measurements. Only rarely is scintillation activity noted at frequencies of 1 GHz.
The polar region has only recently been explored for its levels of scintillation activity. It shows saturated signals of 28-30 dB at 250 MHz during periods of very high solar flux. The morphology is known only in its gross forms.
The outline of a working model for the community interested in the effects of the ionosphere on transionospheric signals is in place. The detailed tuning of the model to fit data from equatorial, middle-latitude, and polar regions has yet to be done. It is of importance to keep revising the model.
Frequencies from 200-2000 MHz are being used for maritime satellite communications, for navigational purposes, and for aircraft to ground (through satellites) communications.
Knowledge of the characteristics of scintillation will allow us to develop models to minimize the fading problem and satellites of sufficient signal margins. Knowledge of morphology will also help users to differentiate between fluctuations produced by ionospheric irregularities and those of equipment or man-made origin.
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